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The concept that aging intpairs wound healing is 
largely unsubstantiated, the literature being contra-
dictory because of poor experimental design and a 
failure to adequately characterize animal models. 
This study tested the hypothesis that aging retards 
the rate of wound repair using standardized cutane-
ous incisional wounds in a well-characterized aging 
mouse colony. Against the background of age-related 
changes in normal dermal composition, marked dif-
ferences in healing were observed. Immunostaining 
for fibronectin was decreased in the wounds of the 
old mice, with a delay in the inflammatory response, 
re-epithelialization, and the appearance of extracel-
lular matrix components. Heparan sulfate and blood 
vessel staining were both unexpectedly increased in 
I t is commonly stated that wound healin.g is impaired as a function of age (Goodson and Hunt, 1979). Despite age-related chronic wound healing states such as venous ulcers and pressure sores, however, the axiom that aging per se impairs healing rate or quality remains unconfirmed (Ash-
croft et ai, 1995). Furthermore, some reports suggest an increased 
rate of healing in aged animal models (Cohen, 1987; Quirinia and 
Viidik, 1991). The rate and quality of wound healing depends upon 
many factors including the nature, depth, and site of the wound and 
the presence of co-morbidity. These factors have not been ade-
quately controlled for in the published literature and have resulted 
in contradictory conclusions; for example, Ershler et a/ (1984) 
reported an increased capacity to regain skin strength following 
laceration in old mice, whereas other studies suggest that in o ld rat 
strains a declllle in wound tensile strength results (Cox e/ ai, 1992). 
The aim of tlus study was to test the dogma that ageing impairs 
the rate and quality of wound healing by using a well-characterized 
aging mouse colony. The results form a basis for future mechanistic 
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the wounds of the old animals at late time points. 
Despite an overall decrease in collagen I and ill 
deposition in the wounds of old mice, the dermal 
organization was surprisingly similar to that of nor-
mal dermal basket-weave collagen architecture. By 
contrast, young animals developed abnormal, dense 
scars. Intriguingly, some of these age-related 
changes in scar quality and inflammatory cell profile 
are similar to those seen in fetal wound healing. The 
rate of healing in young animals appears to be in-
creased at the expense of the scar quality, perhaps 
resulting from an altered inflammatory response. Key 
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investigations and may suggest new therapeutic approaches to 
optimize both rate and quality of wound repair. 
MATERIALS AND METHODS 
Aging Mouse Colony Tlus study was perfon11ed in accordance with 
U.K. Home Office regulations and requisite license approval. Tlurty young 
(6 mo), 30 middle-aged (18 mo), and 32 old (30 mo) male C57BLllcrfa' 
aging-co lony pathogen-free mice (29-35 g) with a maximal life span of34 
mo were anesthetized by halothane, oxygen, and nitrous oxide inhalation . 
The dorsal skin was shaved and cleaned with 70% alcohol. Two 1-cm linear 
dorsal incisions were made through skin and panniculus carnosus muscle 2 
cm caudal to the skull base and 0.5 cm from the midline. The wounds were 
left uncovered and the animals housed in individual cages postoperatively. 
At days 1, 3, 7,14,21, and 56 after wounding, representative 3.lumals were 
killed using chloroform overdose. The wounds were excised down to and 
including the underlying muscle with a 0.75-cm margin, and 0.5-cm margin 
between the two wounds. Each wound was bisected and one-half embed-
ded in Optimal Cutting Temperature compound (Miles Inc. Elkhart, £N), 
frozen over liquid nitrogen, and stored at -70°C, and one-half was fixed in 
buffered formal saline for 24 h prior to wax embedding. 
At the age of 30 mo in this murine species, autopsies have previously 
shown a 5% incidence of sarcomas and leukemias associated with spleno-
megaly and a 2% incidence of carcinoma of the iJltestine (Rowlatt et aI, 
1976). Postmortem examinations were performed on all animals killed and 
excluded one old animal from the study because of a colonic tumor with 
liver metastases and one old animal because of splenomegaly. 
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Histologic Analysis Wax blocks werc cut at 7 J.l.m on a Leitz mic-
rotolllC, and sections were stain ed 'with h Cl11atoxylin and eosin , Masson's 
nichrom e, and prc- Olddi zed aldehydc fuschin gomori (pre-oxidized with 
potassium permanganatc solution) . Scctions werc photographed using a 
Leitz Aristoplan microscope under standard conditions. 
Immunocytochemistry Stepped sections were cut at 7 J.l.m on a Leitz 
cryostat at -20°C, placed on po ly-L-Iysinc- coated slides (Sigma, Poole, 
U.K.) and fixed in acctone for 10 min. For collagcn staining, sections were 
pre-incubated with 0.02 J.l.g hya luronidase per ml (Sigma) in 1 M sodium 
ace tate buffer, pH 5, for 30 min at room temperature to pre-digest 
glycosaminoglycans. T he anti-chondroitin sul f.1 te antibody (rabbit anti-
bovine 1 :200 dilution, C hemicon, Harrow, U .K.) recognizcs antigcnic 
determinants present on the sulf.1te GlcU-GaINAc dis'lccharide unmasked 
by chondroitinase avidin-biotin peroxidase complex digestion and docs not 
react with the core protein . Thus , for chondroitin sul f:ltc sta ining, pre-
incubatio n was with 0.5 U cho ndroi tinase av idin-biotin peroxidase complex 
per ml (Sigma, Poole) in 0.05 M Tris(hydroxymethyl)al1l ino methane/ H C I, 
pH 8,0, with 0,05 M NaCI at 3'7°C for 90 min, This was fo llowed by three 
5-min washes in phosphate-buffered saline (PBS) , For monocyte/macro-
phage and B-Iymphocyte staining, sections were incubated initially for 20 
min at room temperature with IO'X. rat serum. Primary antibody incubation 
was for 1 h at room temperature fo llowed by three washes with PBS and 
secondary antibody application . For two-stage staining (coUagen I:rabbit 
anti-mouse, 1 :200 dilu tion, C hemicon; co ll agen lJI :goat anti-human, 1 :50 
dilution, Seralab, U .K.; collagcn IV :rabbit an ti-mouse, 1 :200 dilution. 
C hemicon; plasma fibroncctin:rabbit anti-mouse, 1 :400 dilution, C hemi-
con; laminin:rabbit anti-mouse, '1 :200 di lution, Pasteur, Lyon, France; 
CD44:rabbit anti-mouse, 1 :50 dilution, AMS, U .K. ; cho nd roitin sulf:lte: 
rabbit anti-bovine, 1 :200 dilutio n , C hemicon) this incubation with the 
appropriate Auorescc in-conjuga ted secondary antibody at I :40 dilutio n 
(Sigma) was at room temperature for 30 min. For three-stage reactions [von 
W illebrand factor (vWt);rabbit anti-human, 1 :20 dilu tion , Serotec, Oxford, 
U.K. ; monocyte/macrophagcs <lntibody and B- Iymphoc).te antibody:rat 
anti-mouse, 1 :20 dilu tion, Scrotec; heparan sulf.1te: rat monoclonal 1:10 
dilu tion , C hemicon 1, the incubation time was 45 min with the appropriate 
biotinylated antibody (1 :200 dilution, Amcrsham) fo llowed by three PBS 
washes and a 15-min incubation with Auorescein-conjugated streptavidin 
(1:100 dilution , Amersham). 
For dua l imnlUl1ostaining, sectio ns wcrl.! inc ubated for 1 h with the 
antibody to CD44 fo llowed by a 20-min incubation with 1 :40 dilution 
an ti- rabbit-tctrame thylrhodamine isothiocyanate (Sigma), fo llo wed by the 
protocol as described for monocytes/m acroph'lges. Sections were washed 
three timcs in PBS and mo unted in a nonf.1ding medium, DABCO 
(1,4-diazobicyclo-(2 ,2,2)-octane) and photographed using a Leitz Aris-
toplan microscope under standard exposure conditions. The intensity of 
staining relati ve to no rmal in each case was scored on the following sca le by 
rwo independcnt observers blinded to the identity of each specimen: - 5 = 
no staining, -4 = 0-25'%, - 3 = 26 - 50%, -2 = 51-75%, - 1 = 76-99%1, 
() = normal, 1 = 101-1 25%" 2 = 126-'150'X" 3 = 151-1 75%, 4 = 
176- 200%, 5 = 200% + . For each primary antibody, control sections were 
stained using the abovc protocol but substi tuting PBS for the primary 
antibody and in each case produced minimal levels of backgro und staining. 
Previous studies (Whitby and Ferguson, 199 1) have docurnented appropri-
ate pre-incubation cuntro ls for these antibodies during murine wound 
hea ling. In all cases in which regio ns of absent immunoreactivity were 
found w ithin wounds, adjacent areas of normal epidermis and /o r dermis 
revealed immunoreactivity (dependent on primary used) <llld thus served as 
internal semiquantitative controls . 
Image Analysis Elastin areas in normal skin and within thc wound were 
quantitatively analyzed using a Joyce Loebel Mini Magiscan image analyzer 
in conjunction with a GENIAS 25 software package following pre-oxidized 
aldehyde fuschin sta ining. Aldehyde fuschin has prev iously bcen shown to 
stain ncw elastin at day 21 within wounds of adult rodents, and the material 
has been confirmed to be elastin by electron microscopy (Schwartz, 1977; 
Leam e/ ai, 1992). The pre-oxidized sta ining method is the technique of 
choice for quan titative analysis of elastin fibers (Learn e/ ai, 1992). The 
measurements were carried out separa tely on the papillary and reticular 
dermis in normal skin using a Zeiss microscope. A total of five m easure-
ments per sectiOllwere taken at least 0.1 cm distal to the wound margin at 
a fina l magnificatio n of 40 X. In the case of the wound area, two 
measurements were taken, excluding normal dermis and neo-epidermis. 
T he dermal field analyzed in each case was 14,377 J.l.m2. 
vWf area staining was quantified in normal skin and wounds at a final 
magnifica tion of 25 X in a flel d area of 24,948 J.l.m2 • In the case of normal 
skin , two measurcments were made of each of the papillary and rcticular 
dem1al regions, aud for wounds one measurement was taken (including the 
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Figure 1. Increasing animal age impairs the rate of .re-epithelial-
ization. Uppe r wound width at day 3 after wounding was m easured at lO X 
tnagnification llsing inlagc analysis o n M asson 's trichrol11C-staincd sections. 
Nco-epidermal distance was expressed as a percentage of wound w idth . 
Wound width did not vary signifi cantly betwecn age groups at day 3. 
Ninety-two animals were assessed as described in Mmcr;als alld Ml'I /lCIds. 
Data represent mean ± SO. 
wound edge). Monocyte/ macrophage and B-Iymphocyte cell numbers 
were assessed in wound and normal skin at a final magnifi cation of 40 X, 
taking two m easurements of the wound area excluding ep idermis and 
normal skin, and five measurements of normal skin per section (from which 
mean va lues were taken) . 
Rc- cpithclialization and wound width werc assessed using a MOPS 
Video plan image analyzer at a fina l m agnifi catio n of l OX. An overlay 
faci li ty allowed distances to bc accuratel y mcasured . R e-epithelialization 
was reported as a percentage of the wound w idth , as wound w idths did not 
vary significantl y between animals. A 'shr inkagc f.1ctor' was ca lculated for 
cach wound by comparing wound width ;11 II;VO using a Zeiss dissccting 
microscope with appropriate calibration plioI' to wound excision and 
comparing this to the histologic wound width at the epidermal level. T his 
was done in order to exclude an age-rehl ted diffe rence in tissue shrinkage 
due to processing, w hich could potentially affect the re-epithelialization and 
wound width data . Wound width was assessed at the epidermal level, 
mid-wo und level, and between thc retractcd panniculus carnosus muscle 
ends. 
Statistical Analysis ALI data arc presented as m ean ± SO. Diffe rences 
betwcen means were evaluated by one-way and two-factor analysis of 
vari ance. Tukey' s cri tical range test was used to complement two-way 
analysis. In all circumstances I' < 0.05 was conside red to be significant. 
RESULTS 
Age-Related Delay in Wound Inflammation, Re-epitheli-
alization, and Extracellular Matrix Deposition T h e inflam-
mato ry response, as assessed histologicaUy and by immunostaining 
for m o nocytes/macrophages and B lymphocytes, p eaked at day 3 
after wounding in the wounds of the young animal s, with a d e layed 
and smalle r p eak a t day 7 in the middle-aged and o ld animals. No 
observable ceUular distribution gra dient was present within the 
wounds, and n o age-r e lated differences in the cellular content of 
normal d ennis w e re observed. At day 56 after wounding in all age 
g roups , it was observed that cell numbers w e re similar to those seen 
in the normal d e nnis. The majori ty of these cells did not stain with 
inflanmlatory m arke rs and were thought to be fibroblasts. 
At day 3 afte r wounding, significant diffe rences in the rate of 
re-epithelialization were observed, with a m ark e d d ecline with 
increasing anima.! age (p = 0 .042) (Fig 1). No significant differ-
e n ces in wound width were found at any time b etween different age 
groups in the three wound compal·tments that were assessed. No 
significant age-related diffe ren ces were observed in tissue shrink-
age. B y d ay 7 all wounds had re-epithelialized regardless of age, the 
wounds of th e young animals consisting his to logically of m ature 
granulation tissue and scattered inflammatory cells, while the 
wounds of the middle-aged and old mice comprised immature 
granulation ti ssue with p e rsistent inflammation (Fig 2) . 
H yaluronic acid receptor immunostaining (CD44) in normal skin 
was of greatest intensity in the young and middle-aged mice and 
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Figure 2. Delay in granulatiou tissue maturation at day 7 with increasing animal age is associated with au increase in inflammatory cells. 
(n) 6-mo-old animal; (b) 18-mo-o ld aniJ11 al; (c) 28-mo-old animal. Swlc bnr, 100 /-Lm. ---> indicates the edge of the wound tissue. 
localized to epithelial structures. At days 1 and 3 after wounding, 
large quantities of cellular staining were prescnt throughout th e 
wounds of the young and middle-aged anim als, co-localizing with 
macrophages, and exhibiting a temporal wlear dccline (Fig 3 and 
Table I). At days 7 and 14 after wounding in the young and 
middle-aged mice, a small number of cells staining for CD44 did 
not co-loca lize w ith macrophage or lymphocyte staining and were 
structurally simil ar to fibroblasts. In marked contrast, in the old 
anima ls, CD44 staining localized faintly to spa rse macrophages 
from days 1 to 7 with a slight increase in the numbers staining at day 
14, and w ith scattered fibroblasts staining very faintly at later time 
points. From days 1 to 14 the decrease in CD44 staining intensity in 
the aged was statistically significa nt (Tukey's test critical distance = 
2.2). CD44 was prescnt at the Icading edge and in thc basal and 
supra basa l layers of the nco-epidermis in all age groups. 
T he deposition of extracellular matrix material was delayed with 
age of the animals. At days 1 and 3 after wounding, plasma 
fibroncctin was prescnt in a patchy extracellular distribution (main-
ly clot at day i), w ith a marked redu ction in quantity in the aged 
anima ls at day 1 (Fig 4). At day 7, staining was confined to the 
subepidcrmal layer of the wound in all sections. By day 56 the 
staining intensity had declined, and the staining pattern rcsembled 
that of norm3l dermis. 
In normal skin , epithelial and endothelial basem ent membrane 
stainin g for laminin and co llagen IV were similar in pattern and 
intensity for all age groups, but the aged mice had increased vessel 
numbers in the normal papillary dermis . At day 7 after wounding 
cellular stainin g for collagen IV was localized to blood vessels and 
the subepidermal basement m embrane in the wounds of the young 
and middle-aged animals; in the aged animals staining was localized 
to the wound blood vessels, but absent from the basem ent mem-
brane (Fig 5). T he decreascd staining of the subepidennal basement 
membrane in the aged was statistically significant using analysis of 
variance and Tukey's cd tical range test (critical distance = 1.6). 
From days 7 to 21 in the young and days 14 to 21 in the aged, 
basement membrane staining was brighter than in normal skin 
(Table I). Peak endothelial basem ent m embrane staining occurred 
at day 56 in the young animals and at day 21 in the old animals. 
Laminin staining paralleled that of collagen IV, with a delay in 
deposition in the wounds of aged animals but with a sinular 
age-related staining intensity and pattern. 
Chondroitin sulfate was present diffusely throughout the dennis 
at similar staining intensities in the three age groups. Until day 7, 
diffuse extracellular staining was observed wi thin the wounds of the 
young and middle-aged aninlals only. At day 14 there was cellular 
stailung in the young, with sm all amOl1JJts of matdx staining 
F ig ure 3 . CD44 immunostaining within day 3 wounds is greater in young anim.als and localizes to matrix and macrophages. (n) 6-mo-old 
animal; (b) 28-mo-old animal; ....... indicates clot with all absellse of neo-epidermis; (c) 6-mo- old animal (deep wound area) with ---> indicating an example of 
a CD44 + ve cell also immllnostaining fo r a monocyte/macrophage marker (see Mnterinls nlld Methods). Senle bnr, t OO ""m. 
... 
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Table I. Aging Is Associated with Significantly Reduced Levels of Wound Matrix Collagen, Basement Membr ane 
Components and Glycosaminoglycans, but with Raised Heparan Sulfate Levels 
Protein Age" 
A . Collagen and fibronectin deposition 
Collagen I 
Collagen III 
Co ll age n IV / Laminin 
(Sub-epidermal 
staining) 
Plasma fi bronectin 
B. Glycosa minoglYC<lI1 s and 
C hondro itin sulphate 
H eparan sul f.,te 
C044 
Y 
111 
0 
Y 
m 
0 
Y 
m 
0 
Y 
III 
0 
044 K ecepto r 
y 
III 
0 
Y 
m 
0 
Y 
tl1 
0 
3 
-5 (U.S) -5 (0.5) 
-5 (0 .5) -5 (0) 
-5 (0) - 5 (0) 
-5 (0.5) -4.5 (0 .6) 
-5 (0 .6) -5 (0) 
-5 (0) -5 (0) 
-5 (0.5) -5 (0.5) 
-5 (0.5) -5 (0) 
- 5 (0) -5 (0) 
4.4 (0.9) 4.6 (0.6) 
4 (0.7) 4.4 (1) 
-1' (O.S) 4" (0) 
-4 (0 .5) - 4 (0 .7) 
-4 (0.4) -4 (0 .5) 
-5' (0) - 5' (0.2) 
-5 (0.45) -3 (0 .7) 
-5 (0.45) -4 (0.7) 
-5 (0) -4 (0 .8) 
3.8 (0.8) 4 (0.7) 
4 (0 .7) 4 (0.7) 
-1.2' ( 1. 3) -2' (1.4) 
O ay pos t-woundi ng 
7 14 
Score (SO) 
-2 (1.1 ) -1 (0 .7) 
-2 (0.7) -21> (0 .7) 
-3' (0) -2" (0.7) 
-4 (0) 
-2 (1.J ) 
-4 (0.5) 
- 3" (1.4) 
-4 (0.5) -3.5" (0 .6) 
2 (0.7) 3 (1.1 ) 
1 (0.7) 2 (0.5) 
-4' (0.7) 2 (U) 
3 (0.5) 2 (0.7) 
3 ( 1. 1) 2 (0.7) 
2' (0) l ' (0.2) 
-3.2 (0 .8) -1 (1. J) 
-3 (0 .5) 
-1.8 (0.8) 
-4' (0.2) - 2 .6" (0.9) 
1 (0.7) 0. 4 (0.9) 
-1 (1) 0.4 (0.9) 
1.6 ( 1.1 ) 3.2" (1.6) 
3 (1.\ ) 3 ( 1.4) 
2 . 6 (0.9) 3 ( IA ) 
-1.6' (1.1) 
-0.2' (O.S) 
2 1 
-0.2 (0 .8) 
-I" (0.2) 
-1 ' (0.2) 
-0.4 (0.9) 
-1 " (0.2) 
-I" (0.2) 
3 (0 .7) 
2 (0.7) 
3 (0.7) 
1.5 (0 .6) 
1.5 (0 .6) 
0.5' ( 1. 1) 
0.4 (0.9) 
1 (1 .3) 
0 .5 (0.6) 
3 (1.5) 
2 (0.7) 
4.6" (0.6) 
2 (0.7) 
1 (0 .7) 
- 1' (0 .7) 
56 
-0 .2 (0.8) 
-0.2 (0.8) 
- 1' (O.S) 
0 (0.7) 
0 (0.7) 
- 1" (0.5) 
0 .4 (0.9) 
0.4 (0.9) 
0.4 (0.9) 
o (0 .7) 
o ( IA) 
-0.2 (1. 1) 
0 (0.7) 
0. 2 (1.5) 
0 (0.6) 
o ( I ) 
0 (0.7) 
0(0.8) 
0 (0.7) 
0 (0.7) 
- 1' (0.9) 
.. Refers to :Igc o f an imal: y = (, 1110: III = I H IIl O: 0 = 30 111 0. T he scoring system ha s been described in J\Jnl f'rin/s (wd ll'}cr/wds. T he gem!r." ch:mgcs secondary W O1ni lll :l1 ngc. 
and day. post-wound ing were highly Sigl1i fic;l1lt (p < 0.000 1. except tor coll agen I and III where the e(fccts of age = p < 0.0(5). 
b Signific~l11t1 y reduced scores compared to the young gro up (usillg T tl ke{s tcst). 
r SignH;c:l ntl y reduced scores compilrcd to th ~ youllg and 1l'1i ddlc-ilged groups (using Tukey's rcsr). 
d S i gni£jc~lI1 t1 y grcolte r scores th an young and midd le-aged gro ups (using: T ukey's tcst) . l30ld fig urcs represent III C;I1IS with 11 = 5. figures in parcllthesc~ (lion bold numbers) 
represent SD. 
throughout the wounds o f the o ld animals. Cellular sta1l1lI1g 
appeared at day 21 in the w ounds of the o ld animals in a middermal 
distribution and persisted until day 56. 
Elas tin dep ositio n as assessed histologically differed markedly 
between age gro ups. In norm al skin there was a progressive 
increase in para ll el, dense, subepiderm al elastin fi bers w ith age. 
w ith a decline in middermal elastin surrounding hair fo llicles. 
Overall quan ti tati ve changes w ere no t signi fica n t. At day 14 elastin 
F igure 4 . Plasma fibrone ctin inullunolocaliz ation a t day 3 after wounding was r educed in the wounds o f ag ed anitua ls . (aJ 6-mo-old anima l; 
(b) is-mo-old animal; (c) 28-l11o-old animal. Senle bar. 100 I.tln . T he granulati on tiss uc stains brightly below the nco-epidermis . Presumably this sta ining 
pattern rcpresents leaky capill aries at the wound cdge f.lc ili tating the inAux of plasm a fi bronectin. w hich then coats the granulation tissue and subcutaneous 
fat. ~ represents nco-epidermis belo w w hich is granulation tissue sta ining fo r f,broll ectin. 
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Figurc 5. Agc-rclatcd dclay in baSCIDCl1t IDCIDbral1c Collagcn IV at day 7 aftcr wounding. Subepidermal bascment l11embrane staining was patchy 
and irregular with increasing animal age . (a) 6-mo-old animal; (II) 18-mo-old animal; (c) 28-mo-old animal. --> represents the wound margins. S cale bar, 100 
/L111. 
appeared in the wounds of all age groups: in the young and 
middle-aged animals, parallel and perpendicular fibers were ob-
served streaming into the wound from hair follicles at the wound 
edge, wIllie in the old animals the sparse fibers of elastin were 
arranged in a parallel fashion subepidermally. At day 56 in the old 
animals, elastin was again subepidermally distributed in greater 
quantities than at earlier time points, with randomly oriented 
middermal fibers. In the young and middle-aged, tiny parallel fibers 
of elastin were mainly confined to the rniddermis. Quantification of 
elastin area revealed a nonsignificant increase in total wound elastin 
with animal age at day 56 after wounding: mean area of elastin per 
field area in young animals = 5.5 J.Lm2 ; middle-aged animals = 7.3 
J.Lm2 ; aged animals = 9.8 J.Lm 2 . 
Heparan Sulfate and Endothelial Cell Immunostaining In-
crease in Healing Wounds as a Function of Animal Age 
lmmunostaining for heparan sulfate was notably increased in the 
dermis of the old animals, mainly aroWld blood vessels in the upper 
dermis. At day 3 after wounding, subepidermal basement mem-
brane staining was present in the wounds of the young animals, 
with a delay in appearance in the middle-aged and old animals. An 
increase in stainin g intensity was observed at day 7 at the wound 
margins in the old mice and in the deep dennis in the young and 
middle-aged mice. Basement membrane staining at the wound 
margins, deep dermis, and upper dermis increased to a peak at day 
21 in all animals, and at all time points staining was markedly more 
intense in the wounds of the old anima ls, even when age-controlled 
changes in the normal dermis (internal positive control) were taken 
into account. This finding was statisticaUy significant in the aged at 
days 14 and 21 (Tukey's critical range test, critical distance = 2.0) . 
In the normal dermis, blood vessel stain.ing as assessed by vWf 
was most prominent in the old an.imals, especially in the upper 
dermal region, but total changes in quantification of blood vessel 
area betwecn age groups were not significant. An increase in 
staining intensity was observed at day 3 at the wound margins in the 
old mice, and at day 7 in the deep dermis in the young and 
middle-aged mice. Endothelial staining within the wound peaked at 
day 56 in the young compared to day 21 in the old. At all time 
points the area of staining was greater in the old m.ice than in the 
other age groups (Figs 6,7) . Two-mctor analysis of variance 
showed a significant difference between age groups (p < 0.001), a 
significant trend over time (p < 0.001), and a significantly 
different time trend between age groups (p = 0.002). Using 
T ukey's critica l range test (critical distance = 45) , signifi cant 
differences were observed from day 7 onward between youug 
and old mice. The pattern of staining was similar in all age 
gro ups, with staining largely confin ed to vessels in the deep 
dermal region of the wound initially, surpassed by upper dermal 
staining at day 14. 
Figurc 6. Uprcgulation of vWf immunostaining at day 21 aftcr wounding with incrcasing animal agc. (a) 6-mo-old animal; (b) 18-mo-old 
a.nimal; (c) 28-mo-old animal. Scale bar, 100 /L111. No normal skin is visible. --> indicates upper wound vessels. An arca of reduced blood vessel staining is 
represented by =t in (c) . 
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Figure 7. Immunostaining for vWF (blood vessel) area within the 
wound increases with animal age. Blood vessel quantification within 
thc wound was undertaken using image analysis of 92 slides as described in 
Materials alld Methods. Data are presentcd as mean values ± SD. 
Wound Matrix Collagen Deposition Decreases with Age 
but Its Orientation More Closely Resembles the Normal 
Dermis Normal dermal coHagen bundle density, as assessed 
histologicaHy, declined with age; however, the basket-weave ori-
entation was conserved . Collagens I and III were widely distributed 
in the normal dermis, with similar staining intensities of type III 
regardless of age; type I coHagen intensity in norma] dermis 
decreased with animal age. Wisps of collagen I were first noted in 
the wounds of all age groups at day 7. At all time points after 
wounding, the intensity of staining was greatest in young mice. By 
day 14 collagen I had organized into parallel fiber bands, which at 
day 21 were localized sub epiderm ally in the young. At day 56, 
collagen I was arranged in a parallel (row) fashion throughout the 
wounds in the young and was of an intensity sinlilar to that of 
normal dermis, but in the older animals intensity was most prom-
inent in the deep dermis . Collagen III distribution followed a 
similar time course as collagen I, with an increase in deposition rate 
and ultimate quantity in the young. 
Histologically, coHagen deposition mimicked the immunocyto-
chemical fmdings ; however, the architecture of the collagen bun-
dles was more obvious. At day 56 after wounding, a surprising and 
marked difference in scar collagen orientation with increasing 
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animal age was observed (Fig 8). The young mice had invariably 
developed a mature scar that was relatively acellular, with parallel 
bundles of loosely packed collagen. In the aged animals, by 
contrast, the wounds were extremely difficult to distinguish from 
the normal dermal architecture. This finding was consistent with 
the macroscopic appearance of scars in the aged animal, in that from 
day 21 the scar was consistently more difficult to distinguish from 
the normal skin as compared to the young animals. Microscopically, 
the wounds in the old animals were cellular, with collagen fibers 
organized in a parallel array at the wound edge, but in a basket-
weave pattern at tlle wound interior. The wounds of the middle-
aged mice were variable histologically and macroscopically. 
DISCUSSION 
There are many contradictory conclusions in the field of aging and 
wound healing. These are partly due to the lack of characterization 
of appropriate animal models (Ashcroft et ai, 1995). The C57BLI 
Icrfa' aging mouse colony at the University of Manchester is the 
only well-characterized aging a.nimal colony in the U.K.; i.e., the 
colony is defined by a rectangular survival curve, the mice are 
derived from pathogen-free animals, and they do not die of a 
uniform cause (Davies and Schofield, 1980) . 
Marked age-related differences were observed in the rate and 
quality of wound repair. A delay in the appearance of the inflam-
matory response was evident in the middle-aged and old mice with 
respect to monocytes / macrophages and B-lymphocyte infiltration . 
The reason for this delay is unknown but may be secondary to an 
age-related decline in the quantity of chemoattractant cytokines 
released or a defective cellular migratory response to these agents 
and warrants further investigation. CD44 (hyaluronic acid recep-
tor) anchors fibroblasts, epithelial cells, and hematopoietic cells to 
hyaluronic acid in the extracellular matrix and in basement mem-
branes (Haynes et al 1991). Since hyaluronic acid is thought to be 
important in cell migration, proliferation, and the activation of 
inflammatory cells (Laurent and Fraser, 1992) , it is notable that 
there was a marked decrease in the number of macrophages and 
fibroblasts staining for CD44 in tlle wounds of the aged animals at 
all times studied. 11'1 lJitro data regarding the relationship between 
hyaluronic acid production by fibroblasts and aging are inconsistent 
(Smith et ai, 1962; Brown, 1989; Meyer and Stern, 1994), and 
Figure 8. Superior collagen organization and microscopic wound quality at day 56 with increasing animal age. Masson's trichrome staining 
of day 56 wounds revealed an increase in scar quality with increasing animal age, with a neo-dermal architecture resembling that of normal dermis in the 
old and middle-aged animals. Marked variations between epidermal thickness and coarseness of collagen fibers were observed. (a) 6-mo-old animal; (b) 
i8-mo-old animal; (e) 28-mo-old animal. Scale bar, 100 /J-m. -> represents wound margins with normal skin at edge. 
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our study describes in vivo age-related changes in wound hyalnronic 
acid CD44 receptor. 
Within minutes of cutaneous insult, fibrin and plasma-derived 
fibronectin form a clot (Kurkinen et ai, 1980). Cellular fibronectin 
is subsequently produced and released into the provisional matrix 
by invading fibroblasts and macrophages (Van de Water et ai, 
1992). Plasma fibronectin deposition was decreased in the wounds 
of the old mice, thns potentially affecting cellular attachment and 
migration ofkeratinocytes, fibroblasts, and inflammatory cells. This 
apparent reduction in fibronectin levels, in addition to our obser-
vation of a delay in macrophage infiltration and thus cytokine 
release, may also contribute to the delay in the rate of re-
epithelialization observed in the aged animals by inhibiting both 
migration and proliferation of keratinocytes. 
Basement membrane deposition of iaminin and collagen was 
delayed in the old animals. We observed complete subepidermal 
staining by day 7 in the young and middle-aged animals, and by day 
14 in the old (in agreement with tbe study of Olerud et al (1988), 
which assessed human epidermal repair in elderly volunteers). Our 
observation of an increase in heparan sulfate within the wounds of 
the old animals is notable because of its potential role in binding 
basic fibroblast growth factor, a major angiogenic stimulatory 
cytokine, and facilitating the presentation of tlus cytokine to its' 
target receptors (Rifkin and Moscatelli, 1989). Significantly, ill vitro 
studies have reported increased heparan sulfate production at late 
population doublings (Sluke et ai, 1981), although its profile in 
wowlds has not previously been reported . 
The increase in blood vessel staining from day 7 in the wounds of 
the old nuce may be an important observation in view of the report 
that angiogenesis itself may influence the direction of fibroplasia: in 
full-thickness pig wounds, vessels orient toward the wound surface, 
with fibroblasts orientated at right angles to the vessels (Dyson et ai, 
1988) . The orientation of vessels in the wounds of the aged mice 
was mainly perpendicular to the wound surface, but with a greater 
degree of randomness than in the younger alumals, thus possibly 
inducing a more complex fibroblast and subsequent collagen 
orientation. Despite the general consensus that aged endothelium 
has reduced proliferative potential (Ashcroft et ai, 1995), the 
observed ipcrease in numbers of new blood vessels with age 
warrants further investigation. 
Controversy surrounds the production of collagen witlun 
wounds. III vitro studies claim either a decreased or increased 
age-related production (Mollenhauer and Bayreuther, 1986; Martin 
et ai, 1990), and ill vivo studies suggest no age- related changes in 
collagen production (Holt et ai, 1992). Despite a reduction in 
ultimate collagen deposition in the old animals, the organization of 
the collagen was more comparable to normal skin basket-weave 
architecture in the aged nuce, with an associated superiority in the 
gross macroscopic appearance of the scar. The administration of 
antibodies to transfonning growth factor-{31 and -2 to the wounds 
of adult rats resulted in superior collagen orientation despite a 
reduction in collagen content (Shah et ai, 1992) . These changes had 
no detrimental effects on the tensile properties of the wound, 
implying that the orientation of fibers is a greater predictor of 
demlal mechanical properties than collagen quantity. The orgaJu-
zation of collagen fibers may also be influenced by a nwnber of 
f.'lctors including the types of glycosanUnoglycans within the 
wound. Chondroitin sulfate has been reported to influence the rate 
and size of collagen fibril formation, with increasing levels resulting 
in decreased tensile strength (Parry et ai, 1978) . Thus the early 
appearance of this glycosaminoglycan in the wounds of the young 
mice may have functional consequences. 
The excess scarring observed in the young mice corresponds 
with the well-established observation that tile period from early 
adolescence to early adulthood is associated with a peak incidence 
of hypertrophic scars and keloids (Ketchum ef ai, 1974). This helps 
to validate the murine model as a potentially useful wound-healing 
model for human wound healing. Despite controversy surrounding 
the production of elastin in scars (Bhangoo et ai, 1976; Abergel et ai, 
1985), recent evidence suggests that elastin production by keloidal 
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fibroblasts is increased (Russell et ai, 1995) . An early increase of 
elastin in the wounds of the young animals may result from the 
presence of cell population types similar to those in keloids 
associated with excess matrix deposition. The late increase of 
elastin in the wounds of the old animals, however, implies that the 
quantity of mature scar elastin alone CaJ1J1ot be used as a marker for 
excess scarring. 
The wound widths, both at the upper aspect of the wowld and at 
the level of the pamuculus carnosus, were greater at day 56 in tile 
young animals than in the middle- aged and old aluma]s; however, 
these findings were not significant, and a greater number of animals 
would be required to assess significance. This finding is interesting 
because of the reports claiming an increased f-actin content in and 
contractile ability of aged human fibroblasts (Gibson et ai, 1989; 
Marks et ai, 1990). Although tissue shrinkage after embedding has 
been shown to increase with age in the human brain (Haug et ai, 
1984), no age-related tissue shrinkage was observed in tIus model, 
and to the best of our knowledge tlus has not been previously 
reported for skin. 
The overall findings in our aging C57BL/lcrfa' mouse colony of 
an increased rate of wound repair in the young but at the possible 
expense of reduced quality of the eventual scar is an unexpected 
fulding. In general, the changes with age were progressive, with 
intermediate but variable features in the wounds of the middle-aged 
mice. T lus is contradictory to previous reports, wluch state that 
specific physiologic changes in rodents are not progressive beyond 
nlidlife (Bruce and Deamond, 1991). Fetal wound healing occurs 
rapidly without scar formation, with the ultimate organization of 
collagen within the wound being indistinguishable from normal 
dermis (Whitby aJld Ferguson, 1991). It is intriguing that tile 
inflammatory changes, collagen deposition, and ultimate dennal 
architecture of the wounds of the old mice resemble more closely 
the pattern in the fetus. It appears that a combination of factors 
promoting an increased rate of wound repair as observed in the 
yOUllg mice, combined with an increased ultinlate quality of scar 
formation as found ill the old mice, are necessary for optimal 
wound repair. 
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